Abstract: Continuous brain imaging techniques can be beneficial for the monitoring of neurological pathologies (such as epilepsy or stroke) and neuroimaging protocols involving movement. Among existing ones, functional near-infrared spectroscopy (fNIRS) and electroencephalography (EEG) have the advantage of being noninvasive, nonobstructive, inexpensive, yield portable solutions, and offer complementary monitoring of electrical and local hemodynamic activities. This article presents a novel system with 128 fNIRS channels and 32 EEG channels with the potential to cover a larger fraction of the adult superficial cortex than earlier works, is integrated with 32 EEG channels, is light and batterypowered to improve portability, and can transmit data wirelessly to an interface for real-time display of electrical and hemodynamic activities. A novel fNIRS-EEG stretchable cap, two analog channels for auxiliary data (e.g., electrocardiogram), eight digital triggers for event-related protocols and an internal accelerometer for movement artifacts removal contribute to improve data acquisition quality. The system can run continuously for 24 h. Following instrumentation validation and reliability on a solid phantom, performance was evaluated on (1) 12 healthy participants during either a visual (checkerboard) task at rest or while pedalling on a stationary bicycle or a cognitive (language) task and (2) 4 patients admitted either to the epilepsy (n 5 3) or stroke (n 5 1) units. Data analysis confirmed expected hemodynamic variations during validation recordings and useful clinical information during inhospital testing. To the best of our knowledge, this is the first demonstration of a wearable wireless Additional Supporting Information may be found in the online version of this article.
INTRODUCTION
Functional neuroimaging techniques such as positron emission tomography (PET), single-photon emission computed tomography (SPECT) and functional magnetic resonance imaging (fMRI) have allowed significant advances in our understanding of the brain and its disorders. Each has its methodological strengths and limitations. Limitations include their bulkiness, high cost, exposure to radiation (PET, SPECT), high sensitivity to movement, complex statistical analysis (fMRI), need for the participant to lie down in a confined area, and inability for continuous monitoring. Functional near-infrared spectroscopy (fNIRS) is an emerging noninvasive, nonionizing, and relatively low-cost neuroimaging technique that uses the ability of light in the near-infrared spectrum (700-1,000 nm) to penetrate biological tissue to assess changes in oxyhemoglobin (HbO 2 ), deoxyhemoglobin (Hb), blood volume, and tissue oxygen availability with high temporal resolution [J€ obsis et al., 1977; Ferrari et al., 1985; Villringer and Chance, 1994] . Technical and methodological advances have allowed fNIRS to become a relevant research tool in neuroscience [Wolf et al., 2007; Leff et al., 2011; Ferrari and Quaresima, 2012; Torricelli et al. 2014; Ehlis et al., 2014; Boas et al., 2014; Kopton and Kenning, 2014; Naseer and Hong, 2015; Mihara and Miyai, 2016] and as a clinical tool in the evaluation and monitoring of critically ill neonates and infants notably during cardiac surgeries [Edmonds et al., 2004; Denault et al., 2007; Murkin and Arango, 2009; Cerbo et al. 2012] .
Briefly, near-infrared light is projected onto the scalp by optical fibers (sources) and transmitted through the skull [Lloyd-Fox et al., 2010; Scholkmann et al., 2014] . Photons penetrate and propagate diffusely into superficial brain tissue. While some photons are absorbed by chromophores (mainly hemoglobin), others are reflected back and captured by sensor probes (detectors) placed at a certain distance from transmitting optical fibers. By using one wavelength more sensitive to Hb (e.g. 735 nm) and another more sensitive to HbO 2 (e.g. 830 nm), variations in amplitude of backscattered light can be used to infer on local changes in blood oxygenation [Delpy et al., 1988; Cooper et al., 1996] . Furthermore, assuming a constant hematocrit, changes in total hemoglobin (HbT 5 HbO 2 1 Hb) can be used as a proxy of cerebral blood volume (CBV) variations [Madsen and Secher, 1999] . In essence, fNIRS is a neuroimaging technique based on the same fundamental principles underlying the pulse oximeter. However, while the latter is a tool now widely used in hospitals to monitor peripheral blood oxygenation, brain fNIRS has had only timid penetration in clinical research and practice [Obrig, 2014] . This is partly explained by the following limitations of current fNIRS systems: a) many have a small number of channels limiting spatial sampling; b) some restrict optodes to the forehead to avoid hair contamination due to the low acquisition chain sensitivity; c) the majority are neither truly compact (wearable), nor wireless, hampering its use at the bedside or in fields requiring mobility (e.g. rehabilitation); d) all do not seamlessly integrate simultaneous electroencephalography (EEG) monitoring (the only other technique that can monitor brain activity for long duration at the bedside) when required.
To answer the growing need for a portable device allowing to monitor electrical and hemodynamic brain activities in clinical settings, we sought to develop a wearable and wireless high channel count fNIRS-EEG system to record changes in HbO 2 , Hb, HbT and EEG on a portable personal computer. The current paper presents a safe and robust high-channel-count combined fNIRS-EEG prototype composed of 32 infrared light sources, 32 photodetectors, and up to 32 EEG channels. Each source can be coupled to four detectors, offering a total of 128 fNIRS channels. In addition to standard measurements on a tissue-equivalent phantom, we present the validation and performance of our prototype through a series of mobile and stationary tasks on healthy subjects as well as preliminary experience with the prototype in diverse clinical settings.
MATERIALS AND METHODS

General Description of the Portable fNIRS-EEG Prototype and Headgear
Our system is composed of a full head cap with optodes and a control module, linked together with light electrical wires. Three lightweight ( 200 g) NIRS-EEG caps were designed to accommodate different head sizes to allow the sensor elements to maintain an orthogonal orientation to the scalp: small (head circumference < 53 cm), medium (53-58 cm) and large (>58 cm). These full-head caps were made of elastic bands and integrated 3D-printed round plastic sockets designed to maintain probes and electrodes in place in close contact with the skin. Sockets were separated from each other by a small gap ranging from 2.5 to 3.5 cm, thereby allowing us to have an average sourcer Kassab et al. r r 8 r detector distance of 3 cm. A hole within sockets allowed users free access to move hair aside from the light path before fastening the optodes. A dark woolen fabric worn over the optical probes served to improve probe-tissuecontact and shield ambient light. A questionnaire was used to assess subject comfort during installation and recording.
NIRS emitter and detector circuits fit on 0.95 cm 2 round printed-circuit boards (PCB) that are packaged in a 3D-printed plastic housing to plug into cap connectors. Inside the housing, a smooth spring pushes the sensor towards the head, providing improved light coupling between scalp and optode, limiting infrared light scattering between the cap and the scalp, while connector design prevents ambient light pollution. Furthermore, we developed a separate connector and socket that can combine both emitter and detector for short distance (1 cm) channels. This optode is meant to measure extracortical hemodynamics.
The prototype can retrieve information from the 128 fNIRS channels and 32 EEG channels (Fig. 1) . During an acquisition, the control module gathers 8 EEG and 4 NIRS data samples at a time, then proceeds with data packing and sends them on a serial port towards a computer through a universal serial bus (USB) cable or a Bluetooth bridge device. A graphical user interface (GUI) developed with LabVIEW retrieves data packets for real-time processing. The GUI can display a total of 294 curves (256 NIRS curves for 128 channels times 2 wavelengths, 32 EEG curves, one curve for the digital triggers, 3 accelerometer curves and 2 auxiliary analog curves) and record them for post-processing. The power consumption during an acquisition using 32 emitters and 32 detectors at full illumination is 2.4 W when a USB cable is used, and 2.6 W with the Bluetooth link. In the worst-case scenario, with the 7.4 V, 10 Ah batteries, the prototype can run an acquisition uninterrupted over a period of 24 hours (Fig. 2) .
EEG and NIRS Circuitry
The EEG acquisition chain consists of amplification and filtering of the difference between measurement and reference electrodes. An instrumentation amplifier at the frontend cuts the common mode interference and noise while amplifying the signal by 100, then a bandpass filter is applied between 0.1 and 100 Hz, and the signal is once again amplified by 100. A reference circuit places the head at a potential of 2.5 V which contains feedback signals from two electrodes placed on the left and right mastoids for common mode interference rejection. The EEG acquisition chain is separated as much as possible from the NIRS chain for crosstalk elimination and parallelism implementation. Located in the control module, the four 8-channel analog-to-digital converter (ADCs) dedicated to EEG signals digitize data in parallel with the NIRS signals through their own serial peripheral interface (SPI) bus, recording NIRS-EEG prototype parts including fNIRS-EEG caps (A), control module (B), double optodes to gather signal from superficial layers (C), and optode design (D). Spatial sensitivity profile generated with AtlasViewer [Aasted et al. 2015] for each measurement channel for the visual (top) and language (bottom) task (E). Yellow arrow shows the integration of EEG electrodes between NIRS sockets (red arrows). Opening (wholes) in the cap (green arrows) allow better removal of dense long hair. 320 samples per second for each channel with a resolution of 16 bits.
The NIRS emitter is a small size two-wavelength (735 & 850 nm) light-emitting diode (LED) from Epitex, and the detector is an avalanche photodiode (APD) S2384 from Hamamatsu coupled with a transimpedance amplifier (TIA) circuit, embedded on the round PCB; the currentvoltage gain is set at 10 MV/A, with a measured 3 dB frequency cut-off of 28 kHz. A negative high voltage (around 2150V), generated on the control module by a highvoltage direct current (DC)-to-DC converter regulator (EMCO, CA02-5N), biases all the APDs to provide enough sensitivity to detect diffused infrared light and is currentlimited for patient protection.
On the control module, eight 8-channel digital-to-analog converters (DAC) set the illumination intensity for both wavelengths of each emitter, while four 8-channel ADCs, preceded by anti-aliasing filters, digitized amplified TIA measurements with a resolution of 16 bits. As the light sources are not modulated, but only time-multiplexed to decrease power consumption and increase safety, the duration of light emission and detection has to be as short as possible to allow sampling from all 128 channels in 1/ 20 th of a second (20 Hz). This was made possible by maximizing the frequency cut-off value of the TIA. For each wavelength of every emitter, a stabilizing period of time precedes the sampling of the four coupled detectors. For each detector, 8 samples are averaged, and 8 other samples taken in the dark are subtracted to reject ambient lighting and interchannel crosstalk, improving SNR.
LED power consumption is drastically decreased by time-multiplexing: the pulse duration is equal to 390 ls. At maximal LED illumination, the equivalent total illumination power is 140 lW for each wavelength, reducing the risks of tissue heating. The duty cycle of the gathered emitters is 0.5, meaning that the light emission is equivalent to one LED emitting 50% of the time. Sensitivity was, furthermore, improved by maximizing the gain of APDs: the bias voltage is set separately for each APD through potential dividers adapting the unique high voltage signal coming from the regulator.
Digital Architecture
The embedded circuitry consists of three stacked PCBs and battery for a total size of 12 3 9 3 7 cm 3 and a weight of 650 g. The first PCB contains an Altera Cyclone III lowpower Field-Programmable Gate Array, flash memory and random-access memory to control through SPI buses the acquisition chains of different modules. It also contains the high-voltage regulator and its controlling circuitry, several regulators for different voltage supplies (5 V for analog parts and 3.3 V for digital parts), and the protection and low-power-detection circuits for a rechargeable Li-Ion 7.4 V, 10 Ah battery. An accelerometer is included on this same PCB, providing movement information along the three axes at a rate of 50 Hz for each axe. Two additional external 3D accelerometers can be added on the subject's head if necessary. This data can be used to quantify movement during a task (e.g. gait), and help distinguish, after an acquisition, artifact movement from hemodynamic variations. Also, two Bayonet Neill-Concelman (BNC) connectors can be used to plug an external analog signal for simultaneous digitalization at 340 Hz with 12-bit resolution, for example, electrocardiogram or analog trigger. An optical isolation on SPI lines prevents the prototype from being possibly connected to the power grid, protecting the patient from leakage path. Eight digital triggers complete the additional features; these help identify and synchronize with data 256 different events during event-related Global architecture of NIRS-EEG prototype.
potential protocols. The two other PCBs are identical and contain the 32 EEG acquisition chains (16 on each board), and the DACs and ADCs for infrared light illumination and detection, the anti-aliasing filters, and the connectors towards the sensors and electrodes.
The link between the control module and the computer is either a UART RS-232 serial port emulated on a USB cable by a FTDI chip, or a Bluetooth serial port module (OBS421 from connectBlue), able to transmit the required 328 kbps bit rate during an acquisition. The developed communication protocol includes transfer error detection and allows ulterior interpolation of data if packets are lost during their transmission. Through USB cable, the number of lost data is negligible, contrary to Bluetooth communication, where interferences and set-up modifications can alter signal quality; in this case, the protocol can support signal loss for three seconds without the need to start over an acquisition. The data is sent to a LabVIEW-based interface which provides a user-friendly GUI for interaction with the hardware allowing easy configuration of important system parameters and data acquisition. Prior to an acquisition, the user is invited to configure specific parameters: for each emitter, its illumination power, and its four associated detectors, and the APD common bias voltage. These parameters and comments are recorded in a configuration file along with data, and can be imported from a previous acquisition. A calibration window helps detect if one curve is saturating or does not receive enough light, indicating a need to change a parameter or verify optode installation. In addition to manual calibration, the software has an auto-calibration function that can increase or reduce the emitted light in order to obtain adequate SNR. The curves are recorded in real-time in a LabVIEW format. A Matlab script imports data towards HomER format [Huppert et al., 2009] for further in depth data processing.
Phantom Studies
For phantom validation studies, we used a solid optical phantom made of polyester resin, to which India ink was added as an attenuation agent and TiO 2 as a diffusive agent (coefficient at a wavelength of k 5 758 nm 5 0.017 mm 21 and diffusion coefficient 5 0.7 mm
21
). After coupling one single detector to one single light source at 4 cm of distance, we first applied different light intensities and avalanche gains to study the influence of these factors on baseline value and noise amplitude to DC level ratio. Then a 1 Hz sinusoidal light signal similar to in vivo signals was injected in the phantom to compute the SNR with different avalanche gains.
Patient Population
We then conducted signal validation experiments on 12 healthy (6 males, age: 13-27 years) adults and children using either a visual task or two standard language paradigms. The prototype was subsequently tested in four distinct clinical scenarios on patients: a) a patient with limb-shaking transient ischemic attacks admitted to the stroke unit; b) a patient admitted at the epilepsy monitoring unit (EMU); c) a patient admitted to the intensive care unit for status epilepticus; d) a patient undergoing language lateralization assessment in the neuropsychology department. Experiments were approved by our ethics committee and informed consent was obtained from all participants.
Validation and Performance Studies
Preferential coverage allowing higher spatial sampling of certain areas of interest was privileged for these experiments: bilateral occipito-parieto-precentral regions for visual experiments (Fig. 3A) and bilateral fronto-temporoparietal regions for language experiments (Fig. 4A ). To ensure that the same brain areas were measured in each subject, optodes localization was determined in relation to the 10-20 system. We further measured the distance from three fiducial points (nasion, left and right pre-auricular) to the horizontal level at Fp1/Fp2, T3 and T4 respectively, and took front and side pictures before and after to verify if any shifting had occurred. To account for installation time and constant probe installation across participants, all installations were done by the same individuals (AK, PV). Visual and language stimuli were presented electronically using E-Prime 2.0 software (Psychology Software Tools, Pittsburgh, PA) and a BNC digital output cable was used to send trigger signals directly to our prototype.
To evaluate the mobility of our system, a modified version of the experiment performed in Piper et al. (2014) was done during the first validation protocol (Fig. 3A) . It consisted of a visual pattern reversal task (subject B1 to B8) while participants were sitting on a training bicycle that was installed in an acoustically shielded and dimmed room. The task was performed twice: 1) a first time while the participants were sitting still on the bicycle and 2) a second time while the participants were pedalling at an average pace of 15 km/h (10-20 km/h). To evaluate the quality of our EEG (and ERPs), we used stackable jumper/linker cables to simultenous recording electrophysiological signals with a commercial EEG system (Neuroscan SynAmps2 EEG/EP, Compumedics Ltd.). The signals were amplified by Neuroscan Synamp amplifiers (Compumedics, Charlotte, NC, USA), digitized at a rate of 500 Hz and recorded by Neuroscan Scan 4 Acquire Software (Compumedics, Charlotte, NC, USA).
The second validation protocol consisted of a language study (Fig. 4A) . The handedness of all participants was assessed using the Edinburgh Inventory [Oldfield, 1971] . Four French-speaking participants (subjects L1 to L4) underwent one session of fNIRS recording. The language experimentation included expressive (verbal fluency) and receptive (passive story listening) language tasks in a Channel layout and description of the visual paradigm (A). P100 time course and topography over the visual cortex averaged along every stimulation blocks while sitting still (upper row) and pedaling (bottom row) for participant B4. Black line/dot: Neuroscan system. Red line/dot: fNIRS-EEG prototype (B). Results from the Bland-Altman analysis for the P 100 amplitude changes at rest (left) and while pedaling (right) between our prototype and Neuroscan. [Gallagher et al. 2007] . To evaluate the quality of the fNIRS component, we performed for each participant a second recording within 4-6 weeks using a well-established multi-channel frequency-domain device spectrometer (Imagent Tissue Oxymeter, ISS Inc., Champlain, Illinois, USA) composed of 50 laser diodes (690 nm and 830 nm) modulated at 110.0 MHz and 16 photomultiplier tube detectors. Optical intensity (DC), modulation amplitude (AC), and phase data were acquired in a block design paradigm with a sampling rate of 15 Hz by its own software (ISS Corporations ''Boxy''). DC and AC data were filtered using a band-pass filter of 0.1-0.001 Hz, normalized by dividing each value by the mean value across time points for each block and channel, r Multichannel Wearable fNIRS-EEG System r r 13 r and transformed to quantify concentration changes of HbO 2 and Hb for each channel. Channels were selected based on the standard error of phase variations across trials.
An anatomically specific montage was created based on a normalized structural template from the Montreal Neurological Institute or the patient's own MRI to ensure that optical fibres were placed over the region(s) of interest (ROI). This was done using a stereotaxic system (Brainsight TM Frameless39, Rogue Research, Canada), which enables the transfer of ROI, determined by MRI, onto the cap. This procedure allowed us to obtain the best possible montage in terms of source-detector number and locations of the targeted regions for each participant.
Data Processing and Signal Analysis
Processing of the EEG signal
Offline analysis of the raw EEG data was done using with Brain Vision Analyzer 2.0 (Brain Products Gmbh, Munich). The pre-processing of the EEG data obtained from the visual task was done in five steps. First, we rereferenced electrodes to both linked mastoids and downsampled to 256 Hz. Second, the data was filtered (1-50 Hz) to remove high-and low-frequency waves and was visually inspected to check for artifacts. Third, we performed an independent component analysis to correct for eye movement artifacts, before segmenting at 2100 ms before the stimulus onset and ending at 500 ms after the stimulus onset. In a next step, we used the semiautomatic artifact rejection tool to exclude segments having a minimum and maximum amplitude difference of more than 100 mV. Finally, visually evoked potentials (VEPs) were obtained by averaging times series from 2200 to 500 ms of pattern reversal presentations. As for the clinical EEG, a careful examination for interictal spikes and seizures was performed by an expert electroencephalographer (DKN).
Comparison of EEG signals between systems
To quantitatively assess the EEG data obtained from our prototype, an unpaired t-test (p < 0.05) was performed against the EEG data acquired by the commercial EEG system (i.e. Neuroscan SynAmps2) after averaging all VEPs obtained while a) sitting still or b) pedalling. Furthermore, to visualize the agreement between the VEPs (fNIRS-EEG prototype vs. Neuroscan), we used the Bland-Altman method with 95% limits of agreement (SD 6 1.96) Altman, 1986, 1996] .
Processing of the fNIRS signal
All NIRS data were first processed with the toolbox HomER [Huppert et al., 2009] . First, every channel was bandpass-filtered between 0.05 and 0.1 Hz to retrieve the slow hemodynamic variations while eliminating slower drifts. Channels with a raw DC intensity at the level of the equipment noise or with a standard deviation higher than 20% were considered as artefactual and excluded from the analysis. Second, the relative changes in HbO 2 and Hb for each measurement position were calculated from the raw light intensity by applying the modified Beer-Lambert law [Kocsis et al., 2006] . For each healthy participant, concentration changes in HbO 2 and Hb were averaged across the blocks. A differential pathlength factor (DPF 5 5.9 at 830 nm and DPF 5 6.5 at 735 nm) and partial pathlength factor (PPF 5 0.50 at 830 nm and 0.50 at 735 nm) correction was also applied to generate concentration values [Duncan et al. 1995; Kohri et al. 2002] . All concentrations represent a variation during activation relative to baseline values, thus are expressed as delta concentrations. Third, significant activation (i.e. delta concentration amplitude > baseline noise) in the regions of interest (ROIs) for visual (i.e. visual cortex) and language (i.e. Broca's area, Wernicke's areas, and contralateral homologous regions) tasks, as well as for clinical monitoring (e.g. epileptic focus) were identified by computing a two-tailed paired t-test and were further used to qualitatively assess the results. Finally, to account for multiple comparisons, p-values were Bonferroni-corrected, setting the significance level after correction to p 5 0.05. The t-values of the significant DHbO 2 channels were color-coded and partially projected onto the gray matter surface of the MNI standard brain model or own MRI scan.
Comparison of fNIRS signals between systems
For the visual task, we used an unpaired (student's) ttest (p < 0.05) to test for differences in the mean value of HbO 2 and Hb between 10 s and 30 s after activation onset between the two conditions (i.e. sitting vs. pedalling) during visual stimulation. Group averages for each condition were also calculated. Time course of DHbO 2 and DHb are displayed with their standard error of mean (SEM). The Dice similarity coefficient (DSC) was used to compare visual mapping obtained with each condition [Dice LR, 1945] . Based on the literature [Zijdenbos et al., 1994; Fleiss JL, 1982] a DSC 0.80 was deemed to reflect very good concordance between maps, a DSC 0.70 was deemed to reflect good concordance between maps, and a DSC < 0.70 was associated with poor concordance. Finally, a one-way ANOVA on DSC values was performed to compare fNIRS visual mapping concordance between the two conditions. For the language tasks, we performed an unpaired (student's) t-test (p < 0.05) to compare mean values of HbO 2 and Hb (10 s to 30 s and 5 s to 20 s after activation onset for the fluency and listening task respectively) between our prototype and ISS. Group averages for each language task and for each system were also calculated. We also calculated a language lateralization index (LI) in the left (LH) and right (RH) hemisphere ROIs [Pujol et al., 1999; Seghier, 2008] : (LH 2 RH)/(LH 1 RH)), where L is the maximal increase in HbO 2 associated with the naming or semantic r Kassab et al. r r 14 r language task, obtained from an averaged curve of all channels covering left Broca's and Wernicke's areas and R is the HbO 2 value obtained from an average curve of all channels covering the right mirror regions of left Broca's and Wernicke's areas measured at the same time as the maximal left increase in HbO 2 . A value< -0.10 indicates right hemisphere language dominance, a value > 0.10 indicates left hemisphere language lateralization and a value close to zero (-0.10 LI 0.10) reveals a bilateral language distribution. Concordance between individual language lateralization (or LI) results was computed from both systems using unweighted kappa statistics, which consists of comparing the results of HbO 2 LIs from our prototype and HbO 2 LIs from ISS. Quantitative comparison of hemodynamic changes between our system and ISS was done using the same Blant-Altman method previously described. Under the assumption of independence of measurements, we took every 25 th measurement of DHbO 2 and DHb [Chandrasekeran B. 1971; Cox and Wermuth, 1996] . Qualitative comparison of maps of language activations between the two systems was performed qualitatively.
RESULTS
Phantom Validation
We first carried out some long acquisitions on polyester resin phantom mimicking tissue to confirm software and prototype capability to maintain signal quality over time.
Beyond slow drifts associated with LED heating that can be filtered out in post-processing, the system was able to record low level signal without significant change in SNR over time. Over 24 continuous hours, the software was able to record every curve with no data loss. The standard deviation of the signal on phantom (calculated on periods of 60 seconds) was constant and equal to 1.2 mV (for a 5 V ADC input range) from the beginning to the end of the recording. Table I shows the demographic characteristics, recording information, comfort scores and results for each participant. Five adults (2M) and three children (3M) were recorded using simultaneously our prototype and the commercial EEG system. As expected, the checkerboard protocol showed a clear and significant (p < 0.05) VEP and fNIRS activations over the visual areas in all participants during both conditions (i.e. sitting still and pedalling). No significant electrophysiological (VEP) or hemodynamical (fNIRS) responses were seen over the precentral and parietal regions.
Physiological Validation
During the non-pedalling condition, our system recorded a mean P 100 peak amplitude of 5.80 6 0.44 mV (time5 109 ms) while a peak amplitude of 5.96 6 0.43 mV (time5 109 ms) was recorded with Neuroscan. During the pedalling condition, mean P 100 peak amplitudes of 6.49 6 0.48 mV (time 5 109 ms) and 6.74 6 0.49 mV (time 5109 ms) were recorded with our system and the Neuroscan, respectively. Individual and group comparison showed no statistical differences for both P 100 peak amplitudes and latencies measured by the two systems. Linear regression comparing our device to the commercial one showed a group average correlation coefficient of r 5 0.99 (p < 0.0001) during the nonpedalling condition and r 5 0.99 (p < 0.0001) during the pedalling condition. Bland-Altman plot showed a group average difference of 20.01 mA (limits of agreement were 20.34 to 0.31 mA) during the non-pedalling condition and 20.02 mA (limits of agreement were 20.38 to 0.33 mA) during the pedalling conditions (Fig. 3B-E) . On an individual basis, statistical comparison of the time course between the two conditions (i.e. sitting vs. pedalling) while performing the visual-task showed, for both systems, a statistically significant difference in three participants (B01, B02, B08) (Supporting Information, Fig. 1 ). Both sitting still and pedalling generated a positive HbO 2 and negative Hb response over visual areas (V1 and V2) during visual stimulation. In the absence of pedalling, we observed a mean peak hemodynamic response average across all participants of 0.71 6 0.08 mmol/L for HbO 2 and 20.34 6 0.04 mmol/L for Hb. During pedalling, a mean HbO 2 increase of 0.69 6 0.08 mmol/L and a Hb decrease of 20.28 6 0.04/L mmol was observed. For the channels reaching a significant level of activation, individual-level analysis between the two conditions showed a significant difference for the mean DHbO 2 time courses in all participants, while the mean Hb time courses showed a significant difference in 50% of participants. Activation maps comparison between the two conditions showed very good concordance (DSC 0.80) for cortical visual mapping in seven out of eight (88%) participants (mean DSC 5 0.89 6 0.04). The oneway ANOVA results showed no statistical differences between groups for DSC (p 5 0.074).
For language tasks, all participants were right-handed and spoke French as their first language. Participant demographics, setup time and comfort scale are presented in Table II . During the passive listening task, our prototype recorded over posterior temporal regions a significant Figure 4 shows the hemodynamic curves and language maps during language tasks, as well as the linear regression analysis and Bland-Altman analysis for a representative participant (L3).
Prototype Validation in Clinical Conditions
fNIRS-EEG testing in the stroke unit
The prototype was used to investigate a 61 year-old patient admitted to the stroke unit for daily brief episodes of right upper limb shaking and leg weakness, more often r Kassab et al. r r 16 r while standing up for a prolonged period [Kassab et al., 2016] . Recording was started as the patient was in supine position then in a sitting position. As the patient stood up, his blood pressure decreased gradually from 134/70 to 90/54 after 10 minutes at which point he experienced tremor of the right forearm and hand as well as weakness of both legs and mild dysarthria. fNIRS showed a progressive bilateral decrease in CBV, [HbO 2 ] and an increase in [Hb] over a one-minute period prior the beginning of the limb-shaking (Table III and Supporting Information, Fig. 4 , left). These changes rapidly normalized 15 seconds after the patient sat down and ceased to have any symptoms. Averaging the first 10s of symptom onset, hemodynamic changes were found to be most profound in bilateral right more than left dorsolateral prefrontal cortex and motor area. Similar findings were found in three other episodes of limb shaking triggered by orthostatic hypotension. In all recordings, peripheral oxygen saturation (pulse oximetry) 
Prot. r Multichannel Wearable fNIRS-EEG System r r 17 r was carefully monitored and remained above 95%. Simultaneous EEG monitoring showed no epileptiform abnormalities, and only brief diffuse slow (i.e. 6-7 Hz) theta activity more predominantly over the left parasagittal regions at the moment of limb shaking. Figure 5 shows blood pressure, hemoglobin concentration curves and EEG while the patient was sitting down and standing up of two episodes during the first monitoring session.
fNIRS-EEG testing in the epilepsy monitoring unit
A 23-year-old female with refractory epilepsy was admitted to the EMU to better assess her condition. During her stay, fNIRS-EEG monitoring was performed at the bedside for several hours over 2 days. A 2 minute-long subtle dyscognitive seizure was recorded starting in the right temporal region with subsequent propagation to the left temporal region based on surface EEG. Hemodynamically, fNIRS revealed an initial brief dip in HbO 2 at seizure onset followed by a larger increase over the middle and posterior portions of the right temporal area (Table III and Supporting Information, Fig. 4, right) . A smaller HbO 2 increase in the anterior part of the left temporal region was also seen. A slight decrease in Hb was observed in the right temporal region but more evident over the left temporal region as the seizure evolved (approximately 40 s after the beginning of the seizure). A normalization of HbO 2 and Hb to approximately pre-seizure values occurred 80 s after seizure offset. Peripheral oximetry was above 98% throughout the event. No significant hemodynamic changes were seen elsewhere. SPECT images following the injection of Tc-99m ethyl cysteinate dimer 34 seconds after seizure onset revealed increased cerebral flood flow maximal over the middle and posterior portions of the right temporal lobe as well.
fNIRS-EEG testing in the intensive care unit
A 30 year-old patient with pharmacoresistant right fronto-insular epilepsy was admitted in status epilepticus manifesting as multiple brief (10s) asymmetrical tonic seizures. Treatment included intravenous lorazepam and phenytoin load, intubation and admission to the intensive care unit. fNIRS-EEG performed at the bedside for 24h recorded 15 brief seizures (without clinical manifestations as the patient was curarized). During these electrical seizures, fNIRS revealed fluctuations in hemoglobin concentration characterized by an in increase [HbO 2 ] in over both dorsolateral frontal (right more than left) and right lateral temporal regions (Table III and Supporting Information, Fig. 5, left) . These changes were associated with a small bilateral increase in [Hb] over the dorsolateral frontal cortices. In the posterior part of the lateral temporal lobe, [Hb] increased on the right, but decrease on the left. Blood pressure and systemic oxygen saturation were stable throughout the monitoring.
fNIRS-EEG testing during neuropsychological evaluation
The prototype was used to assess language hemispheric lateralization in a 51-year-old left-handed patient as part 
DISCUSSION
In this article, we describe a portable multichannel wireless fNIRS-EEG system (32 EEG channels; 32 NIR emitters and 32 detectors, for a total of 128 channels) that allows rapid installation and prolonged simultaneous monitoring of superficial brain electrical and hemodynamic activities at the bedside in various settings. After a first validation on an optical phantom, we successfully demonstrated the performance of our wearable high-channel diffuse optical NIRS-EEG system in both static and mobile conditions using visual and language tasks on healthy individuals.
In regard to the EEG component, expected VEPs were identified in all participants with both the prototype and the commercial EEG system, at rest or during motion, with a good level of agreement and no substantial difference in P 100 latencies and amplitudes. Interestingly, with both systems, a significant change in P 100 amplitude was observed in 3 participants during motion versus rest. The effect of exercise on the VEP is beyond the scope of this paper, but prior studies have noted as well that acute and regular exercise can affect the amplitude and/or latency of the different components of VEPs [Delpont et al., 1991; Ozkaya et al., 2003; Ozmerdivenli et al., 2005; Zhao et al., 2009] . In regard to the fNIRS, visual stimulation elicited in all participants the expected activation in visual areas during both nonpedalling and pedalling conditions [Kleinschmidt et al., 1996; Strangman et al., 2002; Hoge et al., 2005; Huppert et al., 2006] . Measured D[HbO 2 ] and D [Hb] was significantly different in terms of amplitude between the resting and pedalling periods at the individual level in all eight participants for D[HbO 2 ] and in four subjects for D [Hb] . The heterogeneous response in Hb between both conditions may be due to the fact that HbO 2 is more prone to be influenced by changes in global hemodynamics (e.g. heart rate) than Hb [Obrig et al., 2000; Boas et al., 2004; Huppert et al., 2009; Leff et al., 2011; Kirilina et al., 2012] . In a recent publication, motor-task associated D[HbO 2 ] were also found to be affected more than D[Hb] by pedalling [Piper et al., 2014] . Naming and passive listening tasks elicited an expected increase in [HbO 2 ] and decrease in [Hb] respectively over the inferior frontal and posterior temporal regions predominantly in the left hemisphere [Pujol et al., 1999; Springer et al. 1999 ] except for one subject with an atypical response [Knecht et al. 2003 ] during the listening task seen with both our prototype and the commercial system. In comparison to the latter, our system performed relatively well by showing similar activation maps, no significant difference in the time to peak for [ [Colier et al. 1995; McKeating et al., 1997; Gomersall et al., 1998; Grubhofer et al., 1999; Cho et al., 2000; Yoshitani et al., 2002; Thavasothy et al., 2002; Fellahi et al., 2013; Luengo et al., 2013; Dix et al., 2013; Gunadi et al., 2014; Ehlis et al., 2014; Hessel et al., 2014] . Such variability in concentration values between systems have been attributed to device technology (e.g. light source type, quantification method, level of sensitivity to superficial layer, sampling rate) [Wahr et al., 1996; Lloyd-Fox et al., 2010; Gunadi et al., 2014] , exact location of optodes, cap differences, as well as performance of each participant.
In regard to in-hospital utilization, initial tests confirmed the feasibility of bedside recordings on patients and revealed potential clinical usefulness. In the neurovascular unit, fNIRS-EEG was able to demonstrate progressive decline in regional cerebral blood volume during postural hypotension in a patient with steno-occlusive disorder leading to transient ischemic attacks. In the epilepsy unit, fNIRS-EEG was able to visualize regional hemodynamic changes throughout a temporal lobe seizure while SPECT could only provide a single snapshot of hemodynamic changes during this seizure. In the intensive care unit, fNIRS-EEG was capable of monitoring seizures in a patient with non-convulsive status. During neuropsychological assessment, adequate language lateralization could be achieved at the bedside with the system in a left-handed patient.
Comparison With Other "Portable" fNIRS Systems
To our knowledge, this is the only compact wireless high-channel count EEG-fNIRS device which has undergone such diverse in-lab and in-hospital testing. The growing need to study cortical function outside a tightly controlled laboratory environment without the restrictions of tabletop instruments has led in recent years to the development of wearable and/or wireless fNIRS homemade systems (Supporting Information, Tables 2 and 3) .
r Multichannel Wearable fNIRS-EEG System r r 19 r Vaithianathan et al. (2004) were the first to design a semiportable fNIRS system for imaging the neonatal brain. However, it was Bozkurt et al. (2005) who performed the first fNIRS recording on an infant with a portable device. Later, a series of motion resistant and multimodal (i.e. ECG, respiration, accelerometers, pulse oximetry, actigraphy) fNIRS devices was developed by the Neural System Group at Harvard [Zhang et al. 2009; Zhang et al., 2011; Zhang et al., 2014] . More recently, the mobility of the prototype version of what is now the NIRSport was evaluated by Piper et al. (2014) with eight healthy participants performing a hand-gripping task at rest and during pedalling. Moreover, for many years, simultaneous fNIRS and EEG recordings have been done by combining two independent and non-portable systems [Leamy et al., 2011; Kaiser et al, 2014; Khan et al., 2013; Putze et al., 2014; Khan and Hong 2017] . Apart from our group (Lareau et al., 2011a,b; Sawan et al., 2012 Sawan et al., , 2013 , only two other groups have designed a true hybrid fNIRS-EEG system albeit testing was limited to only a few healthy participants and with fewer channels (Safaie et al., 2013; von L€ uhmann et al., 2015) .
Parallel progress on homemade fNIRS systems, improvements have been made on commercially available wearable fNIRS systems with now the possibility to measure brain activity on two or more people simultaneously (e.g. fNIR100AW), outdoors or during physical activity (e.g. PortaLite, LIGHTNIRS, NIRSport), with very high spatial sampling (e.g. WOT-100), and/or with cytochrome c oxidase values (e.g. B&W Tek, Avantes, Ocean Optics) [Supporting Information, Table 2 ]. In comparison to these devices, our system can support a higher number of NIRS optodes that allow sampling of a large portion of the superficial cortex. Furthermore, while several of these companies have made their system compatible with other instruments (ex. EEG), these additional physiological signals come with longer setup time, decrease wearability/ mobility and require complex synchronization.
While not the focus of this work, an important feature of our system was the design of an fNIRS-EEG cap. The challenge here was threefold, 1) to provide a stable optical contact with the scalp, 2) to ensure comfort during longterm monitoring and 3) to allow simultaneous fNIRS-EEG signal acquisition. After testing several prototypes using different stretchable material and different form of sockets and optodes housing, we were able to build an easy to use, motion-resistant and comfortable cap [ Tables (I-III) and Supporting Information, Table 1 ]. The large socket opening and the space between holes allow pushing hair aside to improve signal quality (Idelson et al., 2015) .
Limitations
Some limitations in our study need to be pointed out. First, the portable system was tested on a small number of hospitalized patients and larger clinical studies are obviously required. Second, although a small number of short distance optodes were planned in our original design to assess the contribution of extracerebral superficial layers to the signal, they were not yet available in our firstgeneration caps. Future recordings will include this component. Third, our prototype only allowed each source to be coupled to a maximum of four detectors. Albeit this allowed for quasi-full head coverage, raising the number of detected per source could provide denser coverage. Fourth, the current optode design do not allow for occipital recording while the participant is in supine position.
Future Perspectives
Case studies provided in this paper represent only a few potential applications of a portable multichannel fNIRS-EEG system for long-term monitoring in a hospital environment. Other areas that may benefit from such neuroimaging technology include the operating room (ex. cardiac and vascular surgeries) [Maldonado et al. 2014; Kato et al. 2015] , the neurosurgical critical care unit (ex. monitoring of seizures or vasospasm) [Yokose et al., 2010; Keller et al., 2015; Seule et al., 2015; Tanaka et al., 2015] and rehabilitation centers (ex. study of brain plasticity after injury) [Strangman et al., 2006; Arenth et al., 2007; Mihara et al., 2007 Mihara et al., , 2010 Yoshino et al., 2013; Khan et al., 2013] . These clinical avenues will obviously need to be explored in larger series.
In terms of technical development, incorporating other improvements made by other groups can be explored such as probe miniaturization [Kanayama and Niwayama, 2014] , computer-free systems [Si et al., 2015] , broadband devices [Chitnis et al., 2016] , wireless fNIRS probes [Abtahi et al., 2016] , portable diffuse optical topography [Atsumori et al., 2007; Kiguchi et al. 2012; Flexman et al., 2012] , and integration of smartphone technology [Yurtsever et al., 2003; Bunce et al., 2006; Sharieh et al., 2012; Watanabe et al., 2016a] .
CONCLUSIONS
To answer the need of portability to monitor electrical and hemodynamic brain activities in clinical settings, we developed a novel high channel (128 NIRS and 32 EEG) count and lightweight instrument that can display realtime changes in HbO 2 , Hb, HbT and EEG on a portable personal computer through a wireless wearable module. Using visual and language tasks, we established that haemodynamic activations can be retrieved. In-hospital testing on patients with various neurological conditions demonstrated the portability of the device and the potential to provide useful clinical information.
